ABSTRACT Good understanding the emission in the presence of foam layer is essential for effective retrieval of oceanic parameter from microwave measurements. In general, microwave emissivity is enhanced by the foam layer, depending not only on the macroscopic dielectric properties and the foam layer thickness, but also on the absorption and scattering of the bubbles. In this paper, a numerical emission model is developed based on a matrix doubling method by which the volume scattering effects in foam layer are accounted for. We explore the effects of the water fraction and foam layer thickness on total emission from foam-covered ocean surface, by analyzing the contributions from both the up-welling and the down-welling emissions from foam layer, and the emission from the seawater. In particular, the dependence of emission, consisting of the three effective emission sources, on the foam layer thickness and water fraction at L-band to Ka-band are investigated. Results are compared with predictions by the incoherent method. Physical reasons given rise to the depolarized emissivity at high frequency bands, and the dry sub-layers at the top of foam layer are discussed.
I. INTRODUCTION
Numerous studies on microwave emission from foamcovered ocean surface have been carried out over the past decades [1] - [10] . It has been known that the emission can be significantly enhanced in the presence of the foam layer [1] . Hence, accurate physical modeling of emission of foam-covered ocean is crucial for passive microwave remote sensing of ocean, e.g, wind vector retrievals [2] . In 1970s, Strogyn [3] , based on measurement data, proposed an empirical model, in which the emissions were dependent only on the incident angle and frequency. Wilheit [4] derived a formula for microwave emission from foam-covered ocean surface considering the surface reflectivity that depends on the wind speed and frequency. These empirical models generally ignore the microscopic structure of foam, and when compared to laboratory experiment [5] , they tended to underestimate the emissivity. Nevertheless, these models have been applied in satellite data assimilation [6] today for their easy use.
It has been recognized that microwave emission of foam is determined not only by the macroscopic dielectric properties
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of the foam layer (effective permittivity of the foam layer), but also by the foam layer thickness and the bubble size distributions [11] . In light of this, Droppleman [12] introduced the concepts of the void fraction and the effective permittivity of foam layer into a foam emission model. Raizer and Sharkov [13] studied the effective permittivity of foam layer by a modified Lorentz-Lorenz formula, and the Van der Hulst equation to take into account the dipole interactions in a densely packed disperse system and the contribution of the multipole moment of a particle to the effective permeability, respectively. These two effective permittivity models account for diffraction properties of bubbles (depending on bubble size distributions and water content). The quadratic mixing formula [14] , which depends only on the macroscopic water fraction in foam layer, was selected to simulate the effective permittivity of foam layer in [15] . Laboratory experiment indicated that the bubble radius obeyed a Gamma distribution with the most probable radius of 0.595 mm and the observed physical parameters were then used in the modified LorentzLorenz formula to interpret the measured emissivity of foam layer at L band [16] . Full-wave simulations show that the scattering in foam layer increases with the growth of foam water fraction and incident frequency [17] , [18] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
In the nature scene, due to the gravity, the drainage processes stratify the foam layer and the water fraction increases gradually from the top to the bottom of the foam layer [19] . By this principle, the vertically profile in foam layer has been emphasized. Raizer [20] developed a stratified foam emission model, in which the ''foam mathematics'' [19] based water fraction was applied. Recently, based on the quadratic effective permittivity model and the ignoring scattering assumption, Anguelova and Gaiser [21] proposed a simple and robust foam emission model by an incoherent method, in which the water fraction in foam layer is assumed varying from 0% to 100%, and a shape factor was used to modify the exponential distribute profile shape. Good agreements between the incoherent emission model [21] and experimental measurements [5] , [16] can be realized by adjusting the water fraction distribution in foam layer. Nevertheless, by using experimental emissivity data, the water fraction in foam was retrieved in the range from 0.02% to 15%, reported in [22] .
Despite the previous studies, it is clear that a conceivable prediction of the emission is still pending due to the presence of the large variety and the dynamic of the foam microstructure. In this paper, the dependence of microwave emission from foam layer of another pivotal parameter, namely, the foam layer thickness, is investigated using a developed numerical emission model based on the matrix doubling (MD) method, for the foam layer thickness being one of the pertinent factors of wind speed over ocean surface [23] . The MD based numerical emission model fully takes account the volume scattering effects in foam layer when compared to the incoherent emission model [21] . The rest of paper is organized as follows. In Section 2, the basic concepts, formulas and highlights of numerical emission model are briefly introduced; Section 3 introduced and justified the selection of simulation parameters; Simulation and Comparison results are presented and discussed in Section 4 through Section 6. Finally, a conclusion is drawn to close the paper.
II. METHODOLOGY
The physical model of emission from a layer of foam bubbles is depicted in Figure 1 , where the bubbles are modeled as collected hollow spheres, and their sizes are assumed to be uniformly distributed. The total emission from the foam-covered surface may be physically divided into three components: the up-welling effective emission source e u , the down-welling effective emission source e d , and the emission from the lower seawater hemisphere e s . The emission from these sources undergoes a multiple scattering inside the foam layer, and the air-foam and foam-seawater interfaces establish a multiple interactions factor which is included in each effective emission source. Hence, the total emission can then be expressed as e = L u e u +L d e d +L s e s (1) where L u , L d and L s denote the multiple interaction factors of up-welling, down-welling and seawater emission source, respectively.
To solve the total emission in (1), we apply the matrix doubling method [24] , [25] in which the emission sources in the foam layer, including the up-welling and down-welling emissions, are obtained by integrating over the foam layer, except the seawater itself, which can be readily calculated using the Rayleigh-Jeans Law. The mathematical expressions of these emission sources inside the foam can be found in [24] - [26] , and are all associated with the transmission and refection matrices of the foam layer, the air-foam, and foamseawater interface.
The multiple interaction factors are determined using the scattering and transmission matrices for the top and bottom surfaces, and the foam layer. For the multiple interaction factors of the up-welling and down-welling emission sources, the equations are, respectively [24] - [26] 
while that for emission from seawater is
In equations (2-4), the superscript MD denotes the matrix doubling; T and T * denote the forward scattering phase matrices of the foam layer in incident and reversed incident directions, respectively;R fa andQ fa are the effective reflection and transmission phase matrices of the foam-air interface; Similarly,R fw denotes the effective reflection phase matrix of the foam-seawater interface,Q wf is the effective transmission matrix of the seawater-foam interface and I denotes the identity matrix. In this study the air-foam and foam-seawater interfaces are assumed electrically smooth (planar). Hence, the surface transmission and reflection matrices are totally determined by the Fresnel reflectivity. In matrix doubling processing, the foam layer is divided into infinitesimally thin sub-layers, and then for each sublayer, the scattering coefficient of bubble, and the essential components in the transmission matrix of the sub-layer are calculated and casted into matrix doubling processes to obtain the total transmission matrices which fully take into account the scattering effects (coherent interactions between bubbles) of foam layer. Note that because the ratio 2π a/λ (a: the radius of the hollow spherical bubble; λ: the incident wavelength) at low incident frequencies is relatively small, the improved Mie algorithm [27] is used. It follows that the scattering coefficient κ s is readily given by the calculated complex Mie scattering coefficient a n , b n as
where k denotes the wave number in host medium. The calculated scattering coefficients are then used to construct the essential parameters in the improved Rayleigh phase matrix -a phase matrix for densely packed spherical particles. To obtain the absorption coefficient of foam layer, we follow [21] and select a quadratic mixing formulation to determine the effective permittivity of the foam layer:
where ε sw denotes the seawater permittivity; V sf is the water fraction in foam layer. Once the effective permittivity of foam layer is obtained, the reflectivity of air-foam and foam seawater interfaces can be calculated using the Snell refraction law, and the absorption coefficient of the foam layer is given by
where k 0 denotes the wavenumber in free space; Im is the imaginary part. It should be noticed that both the numerical model and the incoherent emission model [21] use equation (1) to compute the total emission. In the incoherent emission model, the volume scattering effects in foam layer is ignored, and the up-welling and down-welling emission sources are calculated using the path integration and are totally determined by the absorption in foam layer, that are, for the up-welling and down-welling emission
and for the seawater emission
in which θ f and θ w is the refraction angle in foam layer and seawater; once a varied water fraction profile in foam layer is applied, the θ f is a function of the z coordinate are shown in (8) and (9); κ ef , κ w stands for the extinction coefficient in foam layer and seawater, and in the incoherent method κ ef ≈ κ a due to the ignored scattering in foam layer; τ u and τ d represent the foam optical depth above and below the stratum at depth z, and t is physical thickness of the foam layer. Similarly, the emission sources then undergo multiple interactions at both air-foam and foam-seawater interfaces, and the multiple interaction factors in the incoherent method depend only on an effective reflectivity at the air-foam and foam-seawater boundaries. It turns out that due to the non-scattering foam layer assumption, we have (ref.
and
where af , fw are the reflectivities at air-foam and foam-seawater boundary, respectively; L f stands for the loss factor of foam layer and is given by
where τ denotes the optical depth of foam layer and can be obtained by (15) with a varied water fraction profile inside the foam layer.
III. ASSUMPTIONS AND SIMULATION PARAMETERS
Due to the complex dynamic processes of the foam layer, full a priori knowledge in foam layer is not possible, thus contributing to uncertainty in either laboratory or in situ measurements. For instances, in previous studies, a stratified structure of foam layer was simulated using the physical drainage equation dominated profile, or an exponential water fraction profile [20] , [21] . The water fraction in foam layer at all thickness was assumed varying from 0% at the top to 100% at the bottom, which means the bubbles with extremely high water fraction, or buried in seawater are all included and accounted. However, it is not clear whether the former do exist in real scene, or the seawater buried bubbles do affect the microwave emission when compared to the seawater effects. In this study, we assume a constant water fraction in foam layer, and apply the statistical properties of foam bubbles in artificial measurement [16] , and the radius of bubble was set to 0.595 mm. For constant water fraction, the optical depth in the incoherent emission method [21] is modified accordingly, and is calculated by multiplying the absorption coefficient and the foam layer thickness. Then, the Deybe model [28] is used to calculate the seawater permittivity at sea surface temperature (SST) of 283K and sea surface salinity (SSS) of 35 ppt (point per thousand). As a result, the calculated seawater permittivities at operating frequencies are given in Table 1 .
IV. SIMULATION RESULTS

A. MODELVALIDATIONS
Before proceeding, we valid the numerical computation for special case where the water fraction and bubble size in foam layer are extremely small such that the emission from foam-covered ocean surface is solely from the planar seawater surface. Here, the water fraction is defined as the ratio of the volume of water to the volume of bubble; for a given water fraction, the thickness of water film is readily calculated using formula (16) . The emissivity calculated by the numerical emission model, and the emissivity of the planar seawater surface, at both V and H polarizations and L-band and K-band over the view angles from 0 to 90 degree, are in excellent agreement as shown in Figure 2 (a), (b). It is seen that the sensitivity to water fraction in foam layer is higher at Ka-band than that at L-band. Consequently, a more critical condition is selected for Ka-band case in Figure 2 (b).
B. SCATTERING OF A HOLLOW SPHERICA BUBBLE
For a fixed bubble radius and constant water fraction in the foam layer, if the bubbles are assumed having the same geometric size, the water fraction of a single hollow spherical bubble equals to that of the foam layer. For a single hollow spherical bubble, the water fraction W is given by
where δ denotes the thickness of the water film; V out and V in are the bubble volume and inner sphere volume, respectively, calculated by external radius r and internal radius r − δ. It can be readily seen from equation (5) that for a fixed bubble radius, the thickness of water film, δ, increases with the growth of water fraction in foam layer. The single albedo of the hollow spherical bubbles as a function of water fraction at five operating frequencies is shown in Figure 3 below. As shown in Figure 3 , at lower frequencies, say 1.5 GHz and 5.0 GHz, the single albedo is extremely small because the hollow spherical bubble acts as a Rayleigh particle that is electrically small compared to the wavelength. At higher frequencies, say, Ka-band, the single albedo increases monotonically with water fraction at selected water fraction range due to the enlarged ratio of bubble size to wavelength. The tendencies that the single albedo increases with the water film thickness δ and the scattering of a spherical droplet is higher than that of a hollow sphere ( for the same radius), are consistent with the conclusions in previous studies [29] - [31] . As one of the essential parameters in consisting the phase and transmission matrices in numerical emission model, scattering in foam layer affects the emissions from both the foam layer and seawater. Physically, larger scattering in foam layer at large water fractions makes the foam layer optically thicker for both the large scattered intensity and the enhance scattering-driven absorption in foam layer, which potentially prohibits the increased seawater emission at large water fractions. 
C. EMISSIONS FROM EFFECTIVE SOURCES
Analysis of the emission from these three emission sources in numerical emission model, as specified in equation (1), is now in order. To start with, the emission of a foam-covered ocean surface as a function of water fraction are discussed for both L-band and Ka-band.
As shown in Figure 4 (a), the seawater emission at L-Band dominates the total emission due to the relative lower absorption and scattering (strong penetration, larger skin depth) of the foam layer. Emission from the up-welling and downwelling source increases when the optical depth of the foam layer increases with the water fraction. At L-band, the enhanced up-welling and down-welling emission owes to the enhanced absorption and the negligible scattering. Due to the vanishing foam-seawater boundary effects at large water fractions (smaller foam-seawater interface reflectivity) and the long transmission path in foam layer compared to the up-welling emissions, the increasing rate of the down-welling emission is smaller than that of the up-welling emission. Thus, along with the reduced reflectivity at foam-seawater interface, the seawater emission increases at the beginning of the growing water fraction, and such increment tends to cease at the relatively higher water fractions because of the large optical depth. From Figure 4 (a), we observe that the variations of the three emission sources over water fractions are not so drastic. Namely, at L-band, the emissivity of the foam layer is not so sensitive to the water fraction at relatively thin layer, say, 1cm. In addition, it can be seen that, compared to the bare sea surface at L-band, the enhanced emission of foam-covered ocean surface is given rise by the increased emissions of all the three effective emission sources. In what follows, we shall focus on the emission at 36.5 GHz for its more engaging features.
As shown in Figure 4 (b), the emission at Ka-band is very sensitive to water fraction in foam layer, because both the absorption and scattering are strong, and together, the optical depth increases rapidly over the water fraction. The large optical depth at Ka-band makes the foam layer acting as an attenuator to both emissions from the seawater, and the down-welling emission source; the higher the water fraction, the higher attenuation. Recalled that from Section 3 the seawater emissions are even hindered by the optical thicker foam layer, although the increased water fraction enhances its emissions. Similar to L-band, the disappearing foam-seawater boundary effects, at high water fractions and long transmission path in foam layer, accounts for the decreasing downwelling emission. Hence, with the growth of water fraction, the up-welling emission dominants the total emission from foam-covered ocean surface. Once the water fraction of foam layer becomes larger, both the relatively higher scattering in foam layer and the air-foam boundary effect slightly drops the up-welling emission.
It should be mentioned that the seawater emission source, at L-band, exhibits a small difference compared to the results reported in [19] at higher water fractions, where both the absorption and the scattering of the foam layer were calculated using the full-wave method. Reminding that the different approach is applied in this study, the differences between these two methods, again, strongly suggests that it is the extinction in foam layer that affects the total emission from the foam-covered ocean surface.
D. EMISSION VERSUS FOAM LAYER THICKNESS
We now examine the contributions from the three effective emission sources varying with the foam layer thickness. Notice that the optical depth of foam layer is determined by both the extinction coefficient and the physical thickness. From Figure 5 , it can be seen that, at all sampled water fractions, the total emission at L-band increases monotonically with the increasing foam layer thickness. The linear increments are mainly due to the deep penetration and weak scattering. While it is observed that the emissivity dependence on water fraction is nonlinear; there is a large jump of emission when the water fraction increases from 0.5% to 5.5%, but only a small increase in emission when water fraction increases from 5.5% to 10.5%.
When it comes to the Ka-band, the dependence of emission on foam layer thickness are more complicate. At 0.5% water fraction, for instance, the total emission increases monotonically with thickness; at 5.5% water fraction, the total emission increases with thickness, then tends to saturate at thicker layer VOLUME 7, 2019 (relative smaller slope at thicker cases when compared with thinner cases); and at 10.5% water fraction, the total emission at first increases with thickness, then saturates rapidly. Unlike at L-band, among three selected water fractions, the largest emission at Ka-band occurs at 5.5% water fraction. This behavior, peculiar at first glance, is not difficult to understand if we recall from Figure 4 (b) where we see the dominance of up-welling emission over higher water fractions, which in turn makes the foam layer optically thicker. Therefore, the emission at 10.5% water fraction is lower than that of at 5.5% water fraction, a combined contribution from three effective emission sources. Figure 6 shows the dependence of L -band emission (in brightness temperature) on foam layer thickness from the three effective emission sources. Both up-welling and down-welling emissions monotonically increase with the increasing foam layer thickness at all sampled water fractions, and, comparatively, the emission from up-welling emission source is larger than that of the down-welling emission sources for all thicknesses under consideration. The increase of both up-welling and down-welling emission sources at constant water fraction are due to deeper optical depth of the thicker foam layer. Notice that, at constant water fraction, the up-welling emission and the down-welling emission come to the same. Also, the dielectric contrast at air-foam interface is negligibly small. Thus, the reducing foam-seawater reflectivity at high water fractions and the long transmission path in foam layer is responsible for the decreasing contribution from down-welling emission source.
Consequently, the emission from seawater decreases monotonically due to the deeper optical depth with the increasing foam layer thickness. Particularly, as shown in Figure 6 (c), the growth of water fraction gives rise the decreasing rate of emission. At low water fractions, say. 0.5%, the decreasing of seawater emissions tends to be negligible, mostly due to the extremely small extinction coefficients of foam layer at L-band. At higher water fractions, on the other hand, the seawater emission at 10.5% of water fraction is higher than that of 5.5% of water fraction in a thinner foam layer, because the smaller foam-seawater contrast enhances the seawater emission at which the optical depth of foam layer is relatively small. When the foam layer thickness continuous to increase, the seawater emission at 10.5% of water fraction is lower that of the 5.5% of water fraction due to the large foam layer optical depth induced by the large extinction at high water fractions. The reduced seawater emission, at all sample water fractions and thicknesses, is compensated by the increasing both up-welling and down-welling emissions. As a result, and as a net effect, the total emission from a foam-covered ocean surface is larger compared to the bare flat sea surface; however, the enhancement due to the existence of foam layer seems not so obvious at L-band.
Similarly, we examine the dependence of emission from three effective emission sources on the foam layer thickness at Ka-band. Results are plotted in Figure 7 , where we see that the up-welling emission monotonically increases with the increasing foam layer thickness at low water fractions (0.5% and 5.5%), and increases with the increasing foam layer thickness at first, and then quickly saturates at 10.5% of water fraction. This can be attributed from the large absorption and relatively stronger scattering at higher water fractions, making the foam layer optically thicker and the up-welling emission saturating quicker than that at low water fractions. Similar to at L-band, the down-welling emissions are smaller than the up-welling emissions at all water fractions and foam layer thicknesses. This is attributed from, again, the reducing reflectivity of foam-seawater interface and the longer transmission path in foam layer.
The monotonic increment of down-welling emissions with the increasing foam layer thickness at 0.5% of water fraction is mainly due to the relatively higher reflectivity at foam-seawater interface, and smaller optical depth (small absorption and weak scattering). When it comes to higher water fractions, both the larger optical depth (strong absorption and relative stronger scattering) and the smaller reflectivity of foam-seawater interface effectively reduce the down-welling emission at 10.5% of water fraction. As for 5.5% of water fraction, it has a relatively smaller reflectivity of foam-seawater interface compared to higher water fractions; thus, the down-welling emission initially increases at thinner foam layer, then decreases at large foam layer thicknesses due to its longer transmission path in foam layer for a constant water fraction. Therefore, it can be argued from Figure 7 (b) that due to the large optical depth and smaller reflectivity of foam-seawater interface, the downwelling emissions at 10.5% of water fraction are lower than that at 5.5% of water fraction at all foam layer thickness.
Now we see that, at Ka-band, the seawater emission monotonically decreases with the foam layer thickness at all sample water fractions. The decreasing rate is higher than that at L-band, manifesting the high sensitivity to water fraction at Ka-band. At 10.5% of water fraction, the foam layer becomes optically thick. In such case, both the absorption and scattering are stronger, which in turn leads to quick drop in seawater emissions. It clearly demonstrates that the foam layer effects, including the absorption, scattering and foam layer thickness, are more pronounced than that of the foam-seawater boundary effects at high water fractions. Such combined increasing up-welling and down-welling emissions are relatively smaller than that of the decreasing seawater emission at high water fractions, making the total emission decreases at higher water fractions.
V. COMPARISON WITH THE INCOHERENT METHOD
To further confirm the observations in preceding sections, in what follows, we compare the emissions with prediction by the modified incoherent emission model mentioned in subsection 4.1. Due to the fixed water fraction inside foam layer in this study, the original expressions in the incoherent method should be modified. For a certain water fraction, both the refraction angle at air-foam and foam-seawater boundary, and the extinction coefficient inside foam layer are no longer associated with the z coordinate. The modification is therefore easily achieved by transiting the refraction angles and extinction coefficients as a constant. Under the same conditions, with a similar manner in subsection 4.1, we validate the modifications through comparing the results with both the numerical emission model and the emission from bare seawater surface. From Figure 8 , we see that the specular sea surface emission, the numerical and the incoherent emission model are all in good agreement for the case under consideration.
At different foam water fractions, the total emission from foam-covered ocean surface by the two emission models are compared as a function of foam layer thickness at L-band and Ka-band, displayed in Figure 9 At L-band, the total emission predicted by the numerical emission model at 0.5% and 5.5% of water fraction is higher than that of the incoherent emission model regardless of the foam layer thickness, and the difference is more obvious at 5.5% of water fraction; while at 10.5% of water fraction, the total emission by the numerical emission model is higher than that of by the incoherent emission model at thinner foam layers, and for thicker foam layers, say, the foam layer thickness above 2.25cm, the emission by the incoherent emission model takes the lead. Meanwhile, the estimated emissions of both emission models increase monotonically with the growing foam layer thickness. At Ka-band, as a function of foam layer thickness, the estimated emissions of both emission models increase with the growth of foam layer thickness at lower water fractions, say, 0.5%. However, at higher water fractions, the estimated emissions of both emission model initially increase, then tend to saturate with the increasing foam layer thickness at 5.5% of water fractions. As for 10.5% of water fraction, the estimated emissions are invariant with the foam layer thickness, showing the estimated emissions of both models saturates faster than that at 5.5% of water fraction. From the quantitative perspective, the difference between the estimated emission of both emission models are barely distinguishable at low water fractions; but, at higher water fractions, the incoherent emission gives larger emissivity that that of the numerical emission model regardless of foam layer thickness.
To explain the variations and the differences between the two estimated emissions plotted in Figure 9 , the estimated emissions (in brightness temperature) from the three effective emission sources are further compared with a similar attempt in subsection 4.4. As shown in Figure 10(a) , at L-band, the up-welling emissions of both emission models are almost the same at 0.5% of water fraction; at higher water fractions, the up-welling emission by the incoherent emission model is higher than that of the numerical emission model, especially so at large foam layer thickness. For a thinner foam layer, the scattering effects in foam layer generates a tiny difference between the up-welling emissions by two models, even at 10.5% of water fraction. Once the foam layer thickness increases, the difference of up-welling emission between these two models becomes larger, and approaches to 10 K (about 3.51% in emissivity) at 10.5% of water fraction with a foam layer thickness at 2.8 cm. The variations of down-welling emission source in Figure 10 (b) show similar tendencies with that of the up-welling emission in Figure 10(a) ; however, the difference of down-welling emissions by two emission models is larger than that for the up-welling emissions, say, around 20 K (about 7.06% in emissivity) at 10.5% of water fraction with a foam layer thickness at 2.8 cm. Since the down-welling emission travels a longer path in foam layer, the down-welling emission therefore suffers more attenuation as predicted by numerical emission model than as by the incoherent emission model, which totally ignores the scattering effects in foam layer. For the seawater emissions at L-band, at 0.5% of water fraction, prediction by numerical emission model is slightly higher than that by the incoherent emission model. Nevertheless, the seawater emission estimated by both two emission models shows invariant regardless of foam layer thickness. While at higher water fractions, the seawater emissions by the numerical emission model are higher than that by the incoherent emission model at all foam layer thicknesses under consideration. By both emission models, the seawater emissions decrease with the growth of foam layer thickness.
It should be notice that, from a physical perspective, the seawater emission increase with growing water fraction due to the vanishing foam-seawater boundary effects at higher water fractions, and decrease with the increasing foam layer thickness at higher water fractions due to the deeper optical depth. The emission characteristics, showing in Figure 10 (c), perceived by the numerical emission model are in accordance with the physical viewpoints in that for thinner foam layers, the seawater emission at higher water fractions is larger than that at lower water fractions; whereas, regardless of foam layer thickness, the estimated seawater emission using the incoherent emission model at high water fractions is smaller than that at low water fractions. Hence, the seawater emission estimated by the numerical emission model physically seems more accurate against the estimates by the incoherent emission model.
When it comes to the Ka-band, as shown in Figure 11 , at 0.5% of water fraction, the two emission models estimate almost indistinguishable up-welling emissions; while at higher water fractions, the estimated up-welling emission by the incoherent emission model is higher than that by the numerical model, regardless of foam layer thickness. The higher estimated up-welling emission of the incoherent emission model owes to the neglect of the scattering in foam layer at high water fractions. Besides, at 0.5% of water fraction, the estimated up-welling emissions by these two emission models linearly increase with the growth of foam layer thickness. But at higher water fractions, they initially increase, then tend to saturate with the increasing foam layer thickness. For the down-welling emissions given in Figure 11 (b), at low water fractions, say, 0.5%, both the estimated down-welling emissions by these two emission models monotonically increase with the increasing foam layer thickness due to the relative smaller extinction of foam layer; whereas, at higher water fractions, they decreases with the growth of foam layer thickness since the optically thicker foam layer attenuates the down-welling emission more rapidly through their long path travel. The higher estimated down-welling emissions by the incoherent emission model at some water fractions and foam layer thicknesses can be explained in a similar manner to the case at L-band. The indistinguishable estimated down-welling emissions by these two emission models owes to the extremely small optical depth at low water fractions. Consequently, it can be deduced, as shown in Figure 11(c) , that the seawater emission predicted by both emission models decreases with the growth of foam layer thickness likely due to the strong absorption and scattering in foam layer at Ka-band. For thinner foam layer, say, 0.5 cm, the seawater emission by the numerical emission model is slightly higher than that by the incoherent emission model at higher water fractions; however, the optically thicker foam layer at higher water fractions and large foam layer thicknesses makes the emission difference indistinguishable, especially so with the rapid increasing foam layer thickness.
VI. DISCUSSIONS
In so far, it can be concluded that, at Ka-band, the emission from foam-covered ocean surface saturates rapidly with the growth of foam layer thickness, especially at relatively higher water fractions above 5.5% of water fraction. Only at small water fractions, say, 0.5%, can the emission from foam-covered ocean surface monotonically increase with the increasing foam layer thickness. At high frequencies, the emission tends to saturate more rapidly with a smaller foam layer thickness, especially at a higher water fraction. The rapidly saturated emissivity at large foam layer thicknesses, and the decreased emissivity at high water fractions comply to the large optical depth at high frequencies. At L-band, the emission from foam-covered ocean surface is proportional to the foam layer thickness, and less affected by the scattering of foam at high water fractions.
Results indicate that strong depolarized emissivity occurs at high frequencies (Ka-band). To examine the factors behind the depolarization effect, the emission from the three effective sources, as a function of water at 45 • of view angle is shown in Figure 12 . As revealed in Figure 12 (a), the seawater emission at L-band has much large polarization difference than another two emission sources, implying its dominance in total emission. At Ka-band, as shown in Figure 12 (b), the polarization difference, at all three emission sources, is relatively small, at least compared to that at L-band. The seawater emission, among the three emission sources, has relatively larger polarization index at water fraction below about 6%. Beyond that, the up-welling emission is apparently polarized. Therefore, it can be deduced that the polarization difference is mainly caused by the dielectric contrast at air-foam interface and the volume scattering effects in foam layer. When the water fraction at the top of foam layer is higher, the increased dielectric contrast at air-foam boundary polarizes the up-welling emissions; meanwhile, as shown in Figure 11 , the strong volume scattering at higher water fractions decreases the up-welling emissions, and the blackbody-like property is therefore excluded.
In nature scene, the drainage processes [19] in foam layer causes the water fraction at bottom of foam layer higher and higher, and finally, bubbles with high water fractions dissolve into the water due to the function of gravity and surface tension. With elapsing time, the foam layer becomes thinner and direr (especially at the top). In previous studies, results in [12] shows that for the ratios of the foam layer thickness to wavelength greater than about 0.7, the total emissivity from foam-covered ocean surface may be greater than 0.9 if the foam water fraction is in the range 1.0 % to 5.0%. Furthermore, the experimental observed water fraction in a 2.8 cm thick foam layer being about 5.0% at the top and 10.5% in the center also reveals the relatively low water fractions at high frequencies [5] . Nevertheless, as introduced in section 1, based on measured emissivities, foam water fraction was retrieved ranging from 0.02% to 15% in the foam layer [22] . Thus, the low water fraction sub-layers at the top of foam layer may be divulged for contribution to the high emissivity from the foam layer.
VII. CONCLUSION
In this study, the emission from foam-covered ocean surface is studied by using a numerical emission model based on matrix-doubling method to account for the volume scattering effects in foam layer. Comparisons with the results of incoherent emission model as a function of foam layer thickness are extensively made. It is found that emission at Ka-band is sensitive to water fraction, and is easily saturated with the growth of foam layer thickness. The results at Ka-band highlight the water fraction at the top of foam layer in explaining the depolarized effect and the blackbody like property at high frequencies. Results also suggest that the observed emissivity is potentially useful in retrieving the water fraction in foam layer. Meanwhile, the emissivity at L-band increases with the growing foam layer thickness monotonically. Simulation results show that the seawater emission reduces quickly with the growing optical depth of foam layer at high frequencies. As a final note, it is well known that the statistics of foam/whitecap coverage and wind speed will change the emission layer, and also modify the rough boundaries on top of the layer. To some extent, the polarized effects of the single layer scattering may also become stronger, so does the azimuthal dependence. Further study should be of interest to explore these influences. 
